(1) Spacing patterns of shrubs were studied on a series of sites in the Mojave and Sonoran Deserts. Both aggregation and regularity in dispersion of individual shrubs were fairly common. Aggregation may result from vegetative reproduction or environmental heterogeneity, and regularity from competition among plants.
INTRODUCTION
Hill (1973) gives as one purpose for analysis of spacing patterns 'suggesting or checking theories about the competition and establishment of plants in the community.' Many studies of this type have centred around desert ecosystems because these systems have a simple physiognomic structure. Generally, what is examined is the dispersion pattern (clumped, random, or regular) of individuals of a single species at a given site.
Several early workers commented on the apparent regularity of plant spacing in deserts and attributed it to competition (Shreve 1942; Went 1955) . Since then, the commonness and even existence of regular dispersion patterns have been disputed. Anderson (1967) A series of nine sites was established in a band running south-east to north-west through the Sonoran and Mojave Deserts (Fig. 1) . The sites were selected for presence of the Larrea-Ambrosia association, accessibility, and proximity to weather stations with long-term weather records. The transect showed fairly steady climatic change along it ( Table 1 ). The percentage of the yearly precipitation which falls during the winter months (November to April) increases from 4000 in the east to 9000 in the west. Mean annual precipitation decreases from a high of 22 cm at the east end of the transect to a low of about 8 cm in the middle and then increases slightly farther west. The variability of annual precipitation is inversely related to the mean annual precipitation being least in the east and greatest in the west. Temperatures tend to be highest in the middle of the transect (up to 35 ?C mean July temperature) and are lower at higher altitude. General 1980) . Soils at the nine sites were similar to one another. All were classified texturally as sandy loam, sand, or loamy sand, and had low salinity. Soil water content at saturation was in the range 15-28% for all sites. When studying spacing patterns it is important to have the substrate as homogeneous as possible. Where the ground shows runoff channels, water will be unequally distributed, and some plant patterning may result from this. To reduce this effect, the chosen sites were as level as possible (none had slope greater than 2%) and with little or no evidence of surface runoff channels.
A large homogeneous area (usually 5-10 ha) was chosen and a 100 x 100 m plot was randomly chosen from within this.
METHODS

Sampling
Each 1 ha study plot was divided into one hundred 10 x 10 m quadrats. Twenty-five of these were randomly chosen for sampling (except that at the Blythe site, plant density was unusually low, so thirty-six were chosen). If the quadrat showed any evidence of washes or other disturbances, it was discarded and a replacement was randomly selected. For each shrub in the quadrat the height, and semi-major and minor axes were recorded. The distance to the nearest neighbouring plant (of any species) and to the nearest plant of the same species was also recorded. If it happened that the nearest neighbour was outside the quadrat, then the height and two principal axes of that plant were measured as well.
Occasional clusters of stems were found. In some cases a little soil was removed to see if there were any root connections between the stems. If so, they were considered one individual. Alternatively, if the canopy of one questionable plant extended over the centre of the other questionable plant, they were considered to be one individual. There were only forty such cases in the 3500 plants measured during the study.
At each study plot, ten plants were randomly selected (one from each of ten random quadrats). Halfway between each plant and its nearest neighbour, a hole, 50 cm deep and 50 cm wide, was dug. The exposed soil profile was examined for roots. Soil samples of 0-20 and 20-40 cm, or 0-15 and 15-30 cm depth, were also taken at two random locations within the plot. In addition the variance/mean ratio for density was calculated. Departure towards regularity or aggregation was determined by comparing the calculated value to a 95XO confidence interval for the parameter (Greig-Smith 1961). A x2 test was also used to determine whether or not the quadrat density distribution departed from the Poisson distribution which would be expected if spacing were random. Strictly speaking, these last two indices provide information only about dispersion on the scale of the quadrats employed. However, they may be used at least as supporting evidence, and numerous studies in the past have used them as pattern indicators in their own right.
For the nine study sites, these analyses were performed a total of twenty-seven times. A total of ten species were examined at one site or another. Other species were too rare to use. A 9500 confidence level was used for all tests, so one would expect clumped and regular patterns each to appear 2.5% of the time by chance alone. The number of times each of these patterns appeared in the Clark & Evans (1954) index was compared to a binomial distribution with P = 0.025 and n = 27. The exact probability of having the pattern appear at least that many times was determined. Probabilities of less than 0.05 suggest that the occurrence of that dispersion pattern is not due to chance alone. This procedure was repeated for the results from the variance/mean test.
(b) What is the dispersion pattern of all shrubs considered together regardless of species ?
On each site, dispersion patterns for all shrubs together were determined and analysed by the methods outlined in (a). The individuals of each species were allotted size classes based on their calculated cover. The size classes were 10-100 cm2, 100-1000 cm2, 1000-104 cm2, and 104-105 cm2.
The variance/mean test for randomness was applied to each group. The same procedure was followed for all plants of all species treated together. The variance/mean test was used in preference to the Poisson-x2 test because the restriction of having at least three density classes with expected frequency of five or more could not always be met for each size class. The expected direction of change in pattern with increasing shrub size was from clumped to random to regular. Plants may initially exhibit a clumped pattern due to environmental patchiness, vegetative reproduction, or limited seed dispersal. As they grow and exert more influence on each other, the pattern would be expected to become more regular due to death of those plants which occur too close to more robust competitors.
Each species at each site was divided into two to four size classes. For two size classes, moving from smaller to larger shrubs, there are three possible ways of contradicting the trend towards decreasing aggregation with increasing shrub size, namely RC, UR, and UC (C = clumped, R = random, and U = uniform or regular). There are six other ways which show no reversals of the trend C -? R -? U: CC, CR, CU, RR, RU, and UU. For a single sequence of size classes the probability of getting agreement with the hypothesis just by chance is therefore 2/3. For three size classes the probability of no reversals drops to 10/27, and for four size classes it is down to 15/81. Of the thirty-one species-site combinations for which variance/mean quotients were calculated for individual size classes, sixteen had two size classes, twelve had three classes, and three had four classes. So the proportion of the groups expected to follow the C -? R -? U trend is somewhat less than 2/3. As an extremely conservative test, the probability of at least the observed number of successes was determined from a binomial expansion with P (success) equal to 2/3. A probability of < 0.05 denotes that significantly fewer groups contradicted the C -? R -? U trend than would be expected by chance alone. This procedure was performed separately on the nine groups of size classes representing all species at a site, and on the twenty-two groups representing individual species.
(d) Is there a trend towards any particular dispersion pattern as one examines increasingly rare species at a site?
The species at each site were ranked from the most common to the rarest. The dispersion patterns determined for these species were examined by eye to see if there were any apparent relationships with the abundance of the species.
(e) For plants of the same species or of different species, is there a relationship between the size of plant and the proximity of its nearest neighbour ?
The combined cover was calculated for each nearest-neighbour pair. These values were regressed against their corresponding separation distances to determine if there were significant linear relationships between them. Linear regression was chosen because graphs showed no sign of curvilinear relationships.
These linear regressions and analyses of variance were performed for every speciesspecies pair for which there was a sufficient number of observations, and for all nearestneighbour pairs considered together regardless of species. In the latter case, a regression of combined volume v. distance was also calculated.
The product moment correlation coefficient of combined cover v. distance for all nearest neighbour pairs (n varied from 169 to 976) was compared among the nine sites. First they were tested for any significant differences among the nine values by a x2 test; then, if present, pairwise comparisons (t tests) were performed to determine where the differences lay (Zar 1974 The regression lines of combined cover v. distance for Larrea-Larrea, Larrea-Ambrosia, and Ambrosia-Ambrosia nearest-neighbour pairs were compared. If one of the lines were to lie completely above the other, then on the average, plants of any given size could occur closer together when they are that combination of species than when they are either of the other combinations.
(g) How are individuals of one species arranged in relation to those of other species? Do they tend to segregate in one-species clumps, or are they as likely to occur near an individual of another species?
The description of the arrangement of pairs of species in relation to each other was made with Pielou's (1961) method of determining segregation. Assuming the two species, A and B, to be unsegregated, and knowing their densities, the expected proportion of AA, AB, and BB nearest neighbour pairs was calculated. The observed and expected number of each case was used to calculate a x2 statistic. If x2 exceeded a critical value and S-1 I observed number of AB and BA pairs expected number of AB and BA pairs was greater than zero, then the species were considered segregated. If S were greater than zero, the species could be considered negatively segregated, with interspecific nearest neighbour pairs occurring more often than expected. Some species could not be used because they were too rare. (h) Is there evidence that the root systems of neighbours abut or overlap, making them possible competitors; i.e., is the area between nearest neighbours underlain with roots ?
The proportion of times that roots were present in the holes dug was tallied to determine how often roots are found in shrub interspaces.
The results of the above analyses (a-h), for each of the study sites, were examined to see if they were correlated with climatic variables. These variables included percent winter precipitation, mean annual precipitation, coefficient of variation of annual precipitation (see Table 1 where pi is mean monthly precipitation (cm), ti is mean monthly temperature (?C) and k (dimension of temperature) has the value 1 ?C, and serves to balance the equation physically.
Correlation coefficients of combined cover of nearest neighbour pairs and of nearest neighbour distance were examined in relation to the gradients of the climatic variables by rank correlation. Kendall's r, a measure of rank correlation, was calculated for these correlation coefficients v. mean annual precipitation, coefficient of variation of annual precipitation, %0 winter precipitation, and yearly moisture index for each of the sites.
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RESULTS
The species of perennial shrubs and succulents encountered at each site are summarized in Table 2 . Nearest-neighbour distances varied from 6 to 750 cm, with an overall mean of 118 cm. Desert shrub spacing patterns times. The binomial test showed that the probabilities of at least this many occurrences by chance alone were 2 x 10-19 and 0.004, respectively. Thus, there were highly significant trends towards both aggregation and regularity as measured by this index. The twenty-eight variance/mean tests produced seventeen occurrences of aggregation (P = 4 x 10-21) and two occurrences of regularity (P = 0. 15). This represents a significant trend towards clumped patterns but not regular ones. Dispersion patterns for plants of all species considered together are also shown in Table 3 . Once again, all three types of pattern were found. The Clark & Evans (1954) index showed aggregation in four out of nine cases (P = 0.00004) and regularity twice (P = 0.020), indicating significant trends towards both types of patterns. The variance/ mean tests produced seven occurrences of clumped dispersion (P = 2 x 10-10) but none of regular dispersion. Table 4 shows the dispersion patterns of the various size classes of individual species and of all species at a site. Only two out of twenty-two species contradicted the suggested trend of clumped -* random -* uniform with increasing size. The probability of two or fewer contradictions by chance alone was 0.009. The nine 'all species' groups showed no contradictions of the trend, an occurrence which would be expected by chance with a frequency of only 0.026.
The dispersion patterns of the species ranked from most common to least common at each site showed no apparent trend towards any particular pattern.
The correlations of combined size of nearest-neighbour pairs v. their nearest-neighbour distance were performed using two measures of size: volume and cover. In all cases there was much higher correlation when using cover. Since this trend was so consistent, we took this to mean that cover was the better indicator of size for our purposes, and subsequently used only this measure. Using all nearest neighbour pairs for each site, regardless of species, highly significant positive correlations (P << 0.0005) were obtained, ranging from 0.19 to 0*52. Significant differences were found among the correlation coefficients for the nine sites. Pairwise comparisons elucidated these differences (Table 5) .
Regressions of combined cover v. distance were also performed for species pairs with a sufficient number of nearest neighbour observations. The results are summarized in Table 6 .
For all nine sites the regression lines for Larrea-Larrea pairs lay completely above the lines for Ambrosia-Ambrosia pairs (as in Fig. 2 ). This means that for plants of a given size (cover), two Larrea occurred on average closer together than did two Ambrosia. In most cases, this trend was even stronger at larger plant sizes. The regression lines for Larrea-Ambrosia pairs were intermediate. One cannot say, a priori for all species, that interspecific pairs occur closer than intraspecific pairs or vice versa. The results of the tests for segregation are shown in Table 7 . A number of species pairs exhibited significant segregation, but there were no examples of negative segregation.
In 88% of the holes dug in shrub interspaces, woody roots of perennial plants were found. The remaining holes also contained smaller non-woody roots which could not be assumed to be from perennials. In any case, abutment or overlap of root systems occurs.
No apparent trends were found between any of the results and the climatic gradients examined (mean annual precipitation, 0 winter precipitation, coefficient of variation of annual precipitation, and yearly moisture index). Rank correlations calculated between each of these climatic variables and the correlation coefficients of combined cover and nearest neighbour distance showed no significant relationships. For regular dispersion patterns to occur, there must be some sort of interference between individual plants (Pielou 1962; Kershaw 1963) . Allelopathy is one possible factor. For the two major species studied here, Larrea tridentata and Ambrosia dumosa, there is evidence that this does not play a major role in plant spacing. Knipe & Herbel (1966) showed that extracts of Larrea have no effect on Larrea seed germination. Muller (1953) and Muller & Muller (1956) found that Ambrosia dumosa contained toxic products that inhibited growth of seedlings in the laboratory but not in the field. They suggested that this ineffectiveness may be due to microbial activity, adsorption to soil colloids, or inactivation under xeric conditions.
Competition for a limiting resource is another possible form of interference. Light is probably not limiting in these deserts. Water is a plausible limiting factor, but competition for nutrients cannot be ruled out. In either case, one would expect the root systems of the competing plants to abut or overlap. Since 88% of the holes dug contained woody roots, this seems to be true for the sites studied, lending further credence to the role of competition in plant spacing. Studies on desert plants (Cable 1977a Table 7 shows that the majority of species pairs were segregated, and none were negatively segregated. Larrea was segregated from some or all other species at all sites except Baker. This may be explained by the clonal clumping which this species exhibits. At all sites, other than Baker, occasional clusters or circular rings of Larrea stems were found, providing evidence of its vegetative reproduction (Sternberg 1976 ). The deviation of this site in terms of number of Larrea-Larrea pairs is probably due to a reduced amount of vegetative reproduction.
Both Larrea and Ambrosia were significantly segregated from other species with five exceptions: Larrea-Atriplex and Larrea-Ambrosia at Baker, Ambrosia-Haplopappus and Ambrosia-Larrea at Lucerne Valley, and Ambrosia-Dalea at Inyokern. In all five cases, at least one of the two species was regularly dispersed. Due to this, there were fewer intraspecific nearest-neighbour pairs and a higher proportion of interspecific ones, so significant segregation would not be expected.
None 
